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ABSTRACT solar wiray dove asseinbly via a total of 16 slip rings, eight parallel

The main objective of the TOPEX/Poseidon Satetlic: s o niwe o sip ninos 1o cach polanty, The standard power regulator unit
the world's oceans for saientific study of weather amd ot (SPRUT serves as the power processing intertace between the solar
predicion, coastal storm warning and mantime safets, T attay nd the satellite toad, Thiee 50 Ah. batleries supply power
operational  conditions  of this  satellite  imposad  chudlons o whonever the oad requiternents exceed the SPRU output and
requireinents for the on-board Hlectrical Power Systein [E b1 i dueny sun o occultations. The SPRU contains a pulse  width
power system is designed to maintain a certan leve of ot ose ok ulated switching power staze whose duty cyvele is governed by
This paper presents the autonomous operations plannee, thil on one of severad Teedback control Toops depending upon the operating
otbit performance and how some ol the operations wore s ke nxic

certain unpredictable circumstances were discovered
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primary mission. Because ol a potential mission extension. fre s ' t : = |

array. batteries, and propellant were sized for a five yoer s o -
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In th s peak poewer ta king mode, the SPRU electronically extracts
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the moximmn power Bom the solar atray by operating at its peak
power point. When the batteties are at or near full charge, the
SPRU operates in the voltage/temperature (V1) control mode in

whieh it supplics the Toad current plus the Buttery taper charge
; )l’}?i MICROWAVE Cutrent necessery to mantain the battery at the sclected VT curve.
T tenowon I this mode, since the solae artay peak power is not required, the
SPRU shifts the solar wrray operating point towards the open circuit
voliawe of the 1V curve
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= s -- The attitude contiol subsystern vaws the satellite about the nadir
Figure 1. TOPEX/POSEIDONSALE |11t axis suen that the solar aray dove axas is perpendicular to the sun.
The solar array drive serves as the seeond axis of orientation by

Electrical Power Subsystem Overview totating the plane of the solar accay approximately nornmal to the

A block dingram ol the Flectrical Power Subsvstenn (b

Xt 4 sut, When sun crosses solar paned normal and before sun incidence
shown in Figure 2. Solar array power is transtened chro ol th




becomes -107, the satellite is flipped so that the power riosdale i
always on the anti-sun side.

A detailed description of design, analysis and development ol i
TOPEX Eleetrical Power System was presented at IHCHC 0 [ )
For a detailed  description of  the TOPEX  power s
performance, please  see IHCEC-96 TOPEX  Power >y
Performance (session 50). The main goal of this papcr 1s o ores e
the pre-launch plans for autonomous operations, their on o it
performance and how some of the operations were nexdincd ae
cerlain unpredictable circumstances were discovered.

AUTONOMOUS OPERATION

The Power Subsystem is designed to maintain cortin level ol
autonomy which is achieved by incorporation o approon 1
redundancy and the use of Power Monitor (PMON) and Te o s
Maonitor (ITMON) software functions. Incorporation 1 avtanst in
reduces the life cycle costs, extends the on-orbit operation o 1 o
and results in improved system performance.

Description of PMON Computer Program

The purpose of the PMON computer program is 0 provie o
telemetry) o real time assesstnent of power subsystem orbita ene vy
balance and battery state of charge (SOC). Parametes use s no o
encigy batance and SOC computations are: a) Initial taitery SOC
PMON start-up; by battery charge efficiencies; snd o) o ey
oflset for zero battery cuwrrent. The values of these puoarie o
be maodified at a later time to reflect aging of the batiwnic, 7w
PMON computer program continuously computes ard fotiza
following items for telemetiy: (a) accumulated solar ariey e
and load bus cnergy; (b) SOC for each battery; ¢) e sines 1t
battery discharee; d) time into satellite day; and ) Ut dwraor
least one battery was at full SOC.

The PMON also captures and formats the following pa-are s o
telemetiy once per power orbit: @) accumulated sola sy cne wy
and load bus energy at endt of day; b) battery SOC it cng o oy

(end of charge cycle) and end of night (end of dischin g 5
load bus voltage at end of night: d) battery coulonibic s b p cod
net coulombie charge at end ol day; and ¢) time duraton bt
were at {ull SOC at end of day. A power orbit begins win -
satellite 1s occulted by the Farth (and the buatcnies b
discharge) and ends at the end of the charge cycle.

The on-board cateulatons of the PMON program ae wsied by b
fault protection software TMON.  Because TOPEX Goen ot I v
24 hour telemetry coverage, several hours can elapse batvesn ¢ v
downlinks. It these computations were processed by Gue oo o
soltware, the satellite: would not be adequately protecic d foa
power ernergencies. For examiple, several hours coule ¢laps bt
the battery SOC could be caleulated by ground personel )i
could be too late to react to an emergency caused by @ failure o
spacecraft — The PMON coleulations enable the fonit proiec
software to autonomously check the EPS.

Description of TMON Comiputer Program

The TMON Computer Program is really a set of functioe: ca o
groups. Bach of  the TMON groups monitors cotunn Wicn
(M) paramcters cach minute and makes a deaston acoos sy w0
preprogranimed algorithm. "The algorithins are selectod o v

the perlormance of the power system. For case of explanation,
certnn I'MONSs are grouped together and are described below.
Safechold Battery Overchar ge Protection:
It the ACS software hus initiated safehold and the satellite 1s past
20 nuntes mto satellite duy then command V7T level 4.

I the ACS software has inited salchold and the satellite is past 4
minsites into carth ocewdtaton then command VAT level 1. |

2 proups are nsed 1o control battery overcharge during

perads of satchold  Dunng TOPEX saichold, the solar array is

Thee

twened normal e the sun, which results in battery charge currents of
<A The charge doved Jdurmg full sun periods is normally
punntoned at VAT jevel 2

Anomslous Behavior:
O August 6, 1993 the satellite entered safehold during a full sun
peniod and the Tust eroup commanded the SPRU o VT level 4,

Anatysis

Itwas clear that these TVMON groups were really only addressing
saleohd pertods where the charge level was V/T 4 betore entering
satchokd. Another problem with these groups is that they only
shonened the time at the hivh charge currents without eliminating
[EXTRRAN

Solution/Resolution

The short tenm soiuton was to disable the first group during
periods of full suns The permanent solution was to disable these
TMON groups and add 3 new TMON groups o take their place.
The 3 rew groups are deseribed below.

Muodification
Tl st new ITMON vroup commands the SPRU to V7 level 2 it
the saclite daytiine counter is botween 36 - 37 hours and not
atrendy in VA level 20 This group ensures that the satellite will
abwiys be i V7T fevel 2 while w tull sun. Normally the SPRU is
commanded o VT level 2 atter 24-36 hours of tull sun operation.
Iothe satedlie s not in VAT Jevel 2 afler 36 hours, then some
provlen must have occurred. The 37 hours chieck was included so
tres group would not merfere with the notmal commanding of V/T
love” 2 at the end ol the Tufl sun peniod.
groaps that were added are similar o the Safehold
Boitery Overcharge eroups deseribed above exeept that they use the
Cconslost cutrent Chisrgng mode ol the SPRUL The first group
cotnrnands the SPRU o constnt current mode 3 (1 A/batiery) after
4 mnates of safehold nighe I the SPRU ts i constant current
e, the second group conmmands the SPRU 1o the former V/T
mode alter 15 mimutes of sateilite day. Note that the first group will
tot meet hrnit conditions dunng full sun because of the check for
constant current mode. The second group will aiso work while
using VST Jevel 3 becare w changes back o the former V/T level
insteac of apreset VI Teved as incthe group it replaces. The time

Tie next 2

was changed from 20 enntes i the previous group to 15 minutes
1 the new vroup because of solar array degradation.  In fact, this
te vl have o be epsdated every 2 years throughout the mission
o cotspensate to array degradation. Eventually, there will be no



need for these groups as the solar array power w 111 oo a0 ()
level atwhich the battery charge current will be less th 2008

Current Mode to' V/TTMode:
RU is inc currentmaddethencotmand to V/7 T 1o s

The power system has a provision o tnckle charge the boieene s
one of the three constant current levels (0.75A, 1.3 200
mode of operation was planned to be used in a case where e V71
mode of operation fails to reduce the taper chinpe G
sufhciently low charge levels in the range of C/S0 10 (V20
V7T level cireuit redundancy was incorpotated arad Jowr o
charge curtent levels can be accomplished by lowering e W7
level.  Hence, the use of constant current charge e vyt
anticipated during the TOPEX mission.

It the SPRU is commanded into constant cunen: cherve noxd
(CCOM) and is not able 1o come out of CCCM due to o bl o«
then the batteries cannot be charged. Henee, shortly aiter Lo v
was decided not o operate the SPRU in CCCM. Due to the i
that TOPEX does not have 24 hour uplink/downlink the ¢ nol
was placed on mote autonomous operation. Thus, i the SPRC o x
into CCCM for whatever reason, this TMON conundid
back to V/1 mode.

Although a SPRU failure during CCCM could en f the nioss o
the probability of this failure s very low based on hison o e

SPRU on other satellites. As explamed in the previors <o o
was deternmned that CCCM could be beneficial to the beves b
eliminating the high charge cutrents experienced at the o o

an orbit during satehold. Obviously, this TMON gvoup prov i i
use of CCOM. Far this reason, the TMON group was disabid

Battery Low SOC:
1t SOC for any battery < 50%, cornmand loads off-hie

The minimuin battery state of charge (SOC) experonced Jony
normal operations ts 88%. 11 the state of charge of ary b § 4
below 509, this TMON group powers off the nouscascennad o s
(expertinents, cte) which will result nomore tirne 1o corsor e
problem. ‘The conditions for this TMON group haose neve b o
met on the TOPEX satetlite but this group is considered o o nos
important fault protection safeguards on board the satellite.

Battery Faiture:
If the hall batiery differentiad voltage >3V and battery ol

cnabled or any battery temperature s greater thas 2

disable battery charging,

BEach battery has dedicated circuitry to measuie halt banoay

differential voltage. This is the dillerence 1n voltage bera sy
half of the battery (cells 1 through 11) voltage and bortonn ¢t of
the battery (cells 12 through 22) voltage. Atl cells in o boree, o
all three batteries expenence the same envirommernsal cont s
using a closed loop thermal control system (conststing of et 5
heat-pipes, cte.). This system keeps all three boticries w0
spectficd  temperatures, The maximum temperature dile o
between batteries is limited to 5°C and the  dithecss n
temperature within a battery in any plane parallel to i boso e s

timited to 3°C EPnder these conditions, the half battery difterential
voltave at beginning ot e should not excecded 50 millivolts.

Battery perfonmance deerades with higher operating temperatures,
su-the thermal control system maintains the temperature of the
Batienes within the boundary of 0°C and 20°C to obtain optimum
perionmance. However, if the difterental voltage exceeds 0.5V or
the teiperature of the battery goes higher than 28°C, then that
bateryv s provented trom further charging. On-board logic cireuitry
alows removal of ondv two battertes from the unregulated bus.
Undder these condinons, these batteries can stll be discharged
Hrouehisolation diodes Thus loads are not deprived of power, but
Sharg-ne and thereby over heating of the batteries is prevented.

Becase the badery ditfierential voltage has never exceeded 60 mV
and the battery temiperetune has never excecded 9°C, these 3 groups
cone Joy 2ach battery) bave not met their activation conditions. 1t is
Jossibic that with nocnal battery degradation that these groups
couid ocnvate tn the Tatne,

(,\'uhs\.slﬂll Current Too High:

Detcrnme if any of - subsystens (Command & Data Handling
Subsyaten nstrament: Madule, Attitude Control Subsystern and
Propuison Subsystenud has excecded 130% of expected  power
demard and thenan alerm s sent to mission operations for ground
rosuluon,

It the Toad derand execeds 130%, then energy balancing might
becore a problean This wlso may indicate that the subsystem
drowiny excess power may have o problem that needs o be
tesoived, Thus, whenever, any subsystern draws in excess of 130%%
ol s normal operating power, then an alarm is sent to mission
operasons. The actvetion conditions for this group have never
bevirsanistied.

Batiery Toumperature:
T ooy battery temperature > 782 CLthen send an alarm to mission
Crerations.

e temperatwe of the battery exceeds 28°C (which indicates a
problenn, then that batery s prevented from further charging by
tesse TVION groups anc an alarm is sent o mission operations. As
nesntened eadhion, e battery weinperature has not exceeded 9° C so
s wroup has never activated,

Battery Discharge in Day:
I the satellite s at feast 3 nunutes into day and any battery is
discharying, then shed the Toads.

Sieee the solar array ontput power capability is greater than 2000
watts, and the specitied power module peak output load power
requre cent 1s 1200 wats for 10 munutes, the batteries should never
b cadled upon -0 provide power during obitad day time. Some
secrens which can result i battery discharge during daytine are
as fotlows: ) Load demnund is higher than 2000 watts; b) Improper
orcntaion of the sofat array towards the sun results in Jow solar
artey oaiput; and < SPRU circaitry fals or malfunctions. Failure or
maltuncton of the SPRUD s chieeked and cleared by a set of five




TMON groups described in the following section i Oilueil d v o
predicted by the PMON by monitoring when the solat arcay w0 av
is greater than 45 volts. However, 1f the problemy 1 not vl v
within five minutes then the discharge of the battceries s reituce i b
shedding the switchable loads by this TMON group

Anomalous Behavior:

A few days belore the start of the eclipse scason. s TATON
group was enabled for cheeking and commanding  On v -
(August 29, 1992), this TMON group sensed a1 out of
condition and initiated a load shed relative time sccuchee o 1
which shut down the NASA Altimeter.

Analysis

Duce 1o a long penumbra duration, the level on the two seiie e
current sensors dropped below 2 amps, thereby cequon e
batteties to share the load demand. Consequentive the “ele i
started discharging. During this tme the solar artay vol sy dy o |
but did not diop below 40 volts (decreasing fronr abour )
about 62.5V), Therefore, the TDAY counter reas tae ot o .
orbits’ value (the TDAY counter read more than P3001N6G e 1
and did not get reset. Al the conditions for this TMON ¢ o
met o the TMON soltware issued a load shed RTS Covn i
shut down the Pavloads.

Solution/Resolution

Duration of the penumbra varies as a function of varianos ar b
prime angle. In the case ol the TOPEX Sutellite, bow-prne w
varies from 0° to about 75° The TOPLX Satelfite oxperinees il
sun at beta-prime angle greater  than 58°, Thas o o
neighborhood of 589, the penumbra Jasts longer, As the boorp 1
angle decreases the penumbra duration decreases.

Penunibra duration is measured as follows: The tine at whic

solar array voltage starts decreasing 18 defined a~ Peour i
Starting™ and the time at which the solar artay volte corre ey
lower than 40 volts is defined as "Penumbra Encing” tiee wor v
Uwibra)  Thus, depending upon the load demunag ol e oL
array output capability, the start of the battery discharws i o niy
not oceur at the same time as the start of the sobv oy vo
decrease.  Thus, the measurement of battery discuree i e

before TDAY reset gives approximale penumbra daratio "o
data is presented for DOY 19927242 an Table | Fron ot

one can see that if this TMON group is disabled while v o
prime angle is between ST and 582, then the inter tion woi oy
duration penumbra can be avoided. The beta-prinie onele S ve.

from 512 10 58 in ubout 3 days.
In additon to the probletns with the long duration poom
the Tinits for this TMON group can be excecded Garnmnes @ o 1t

maintenance mancuver or a lunar-solar eclipse. Forthes romon th

TMON group has been temporarily disabled duning soanrvobps s

Duration {or
which batteries
Iiclipse discharged Comments
Start before TDAY
Time is 1eset
034525 | 0 man. Solar  anay  voliage ‘dipped
PIDAY did not | slightly [from 90 vV to 74 V]
reset] and batteties discharged {about
) <iampiforabout 1 () seconds.
(53603 A bout 2mn Solar artay voltage and current
[FDAY Jid not dipped slightly [from 90V to
reset] 62 V and 6 A tol A each],
and batteries discharged (> 2
anps) for about 4 minu tes.
2l About 47-73 1 3. 3nunuteseelipse per 'NIONT;
| Bewprine=<57°
09: 200,032 Sbhout -1 see. 4.9 minutes oclipse per PMON;
) ) Reta prine = < 56°
EREEY About 25 sec. 6 1o nutes eclipse per PMON;
Beta ntitie =< 567

Table 1. TDAY E RROK FROM DOY 1992/242

Maodhnication

This IMON group was mdified to include the exclusion of beta-
prne angle in between 317 and S8 Also, TDAY exclusion period
siic lE be changed o "1 1Y minates o 130 minutes” [earlier it was
119 minutes to 150 munutes]

VAT Control and PP Circuit Faalt Isolation:

It the solar arroy voltaes 1s > 45V and the solar array current < 44,
inhibet the following i order: battery V7T control 1-3, primary peak
power tracker (PP,

Toese STTMON groups work together to clear an apparent fatlure
i the SPRUL They are activeted 1n sequence, one after another,
whan the solar anay voltege 18 greater than 45 volts (indicating that
the setellite is orbital day and SPRU should be working) and the
wtal solar aray current s less than 4 amperes, Under these
conditions, substantiolly less power than expected  for normal
opetation 1s being delivered o the loads and charging ol the
batieries. The set of five TVON groups tnhibit "constant current
chorge mede fsecondary)” and one of the following redundant
cicuns at o time: Peok Power Tracker-2, battecy #1 VT control
vitcuiny, battery #2 V71 control areuitry, and battery #3 V7T
control cireuibry, Failure of any onc of these cireuits shall isolate
vl without altecting the good cireait, However, 1 one of these
Goourts degraded inosech ooway as o impaie the operation of the
vood creutt, 1 can tesuit o limiting the SPRU o low power
[CLS TN

Assuinie that the SPRUN s configared for normal operation, i.e., in
VT charee controb inode with three battery V/T control cireuits
opetiang and with both peak power trackers i operation, 1f the
solar array voltage Js eccater than 45V and curtent s less than 44,
tien the fist sonp reonnhivares the SPRU by inhibiting the battery
1V control creuitny and CCCM (secondary)y. 16 one or both of



the hattery #1 V/T control cireuitry and constant cuties o g on
mode (primary) inhibit circuit have failed, then Ui euit woll e
cleared and this group stops there and informs mission RILIS PRRTRRS
that such SPRU reconhiguration was accomplished Haven 1, o
these cirenits did not cause the problem. then the codinions )
caused the problem will still be present. Now the sevong [T
restores the operation of the battery #1 /T contnl ciramny i
inhibits the operation of the battery #2 V/T control iz, 11
other TMONs peform in a stmilar way checking each bane jes
VY cireaits and both peak power tracker cireuits.

Anomalous Behavior:

These 5 groups were disabled for checking and coto iy o
launch because during ascent and solar array deprovinone 1o
TMON groups might misinterpret intermittent sunlight o 1
on the folded solar array as a day-night or night-day transanon 7

few diys before the start of the cclipse scason, the first g v
euabled for checking and commanding, On day 24 {avpog v
1992), this TMON group sensed an out of Hmit vondt o - 0

witiated  foad shed RTS comrmand which shut dovin tie A SA
Altimeter.

Analysis
Similar to the previous TMON group, a long penunide g 1
cuused the solar artay voltage to be greater than 45 voits wiv o 1 e

solar array curtent scnsors were reading Jess than | amp ooob 11 s
condition caused the batteries to discharge while in the pennnb
region, activating this TMON group.

Solution/Resolution

Just like the previous TMON group, this set of TMON 1o ¢
be disabled from its operation while the betasptime anvte i
between 519 and 58, then the interaction with longe: penoes by
duration can be avoided.

Maxditication
This group was maodified to include the exclusion of hes Ly
angle in between 51° and S8°,

[Bu(k'rv,(h'cr-\’()lt:mg Check: |
I bus voltage > 32.6V and V/T level < 4 then change (o VL T
4.

Although it was decided 1o use VAT level 4 during the inival 1o
ol the mission, it may later be changed 10 a higher VI i
depending upon the notmal degradation of the batiery 1
over-voltage protection is accomplished by this TMON et in ihe
event of a V/T Cirenit fulure, I the selected VAT level Toss tho
and i the batiery voltage is > 32.6V, then a failure of the pn
selected V7T level is assumed and V/T Tevel 4 is commanded s
TMON group has never been activated.

Battery Under-Voltage:
I battery voltage < 24.0 for any battery, enable Toad shoi oo
inhibit foad turm-on sequences.

I battery voltage < 26.0 for any battery, then send on alarey 1o

mission opetations for resolution.

Duimg the Tist two yeats of the mission, the batiery voltage was
nat expected 10 go below 26 volts. In addition, the battery voltage
wis it expected go bejow 24 volts by the end of the five year
mission, This prediceon is based on proper thermal control of the
hattery, Toads no! excecding specification limits, and other operating
condiions. However o the conditions are such that the batteries
are disclarged 1o dess than 26 voits, then the ground personnel
shoult ke proper seton o prevent continuation of such a
situanon. Thus uie alatn s sent by this TMON group when the
batiery voltage s < 76 volts o inform mission operations that
droamed esolution is reauired. However, if the ground did not take
any acaon and 11 the batery voltage reaches < 24V, then all the
swatchable Joads wonid be shed “This is accomplished by the second
é[H)U[).
voltigs has degratded to 20,36 Vo The second TMION group (26.0
Vil propably fuve to be changed within the next year 1o aceount
for noral batery degraslution.

Afler 375 veurs ol evele life, the TOPEX minimum battery

CONCLUSIONS

Provions sections: presented: detailed descriptions: of autonomy
funcuons incorporated o the BPS. These  functions  are
periornung man exeellent manner in spite of continuous evolution
ol o o thern due e unpredicted cireanstances which toreed
engnees o reevaluate the assumptions niade betore launch,

Torougl the use o the PMON and TMON software functions,
the TOPEX power subsystern has been able to maintin a
successtulmission with mdmal degradation. The  current
predicuons tor battety and solar array life exceed the five vear
misston ol e cose moaitoring of the TVMON software has
cettamnly conttibuied to this sueeess,
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